Metal-Insulator Transition of the LaA103-SrTi03 Interface Electron System 
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We report on a metal-insulator transition in the LaA103-SrTi03 interface electron system, of 
which the carrier density is tuned by an electric gate field. Below a critical carrier density n c 
ranging from 0.5 — 1.5 x 10 13 /cm 2 , LaA103-SrTi03 interfaces, forming drain-source channels in 
field-effect devices are non-ohmic. The differential resistance at zero channel bias diverges within a 
2% variation of the carrier density. Above n c , the conductivity of the ohmic channels has a metal-like 
temperature dependence, while below n c conductivity sets in only above a threshold electric field. 
For a given thickness of the LaAlOs layer, the conductivity follows a <7o oc (n — n c )/n c characteristic. 
The metal-insulator transition is found to be distinct from that of the semiconductor 2D systems. 



Conducting electron systems with unique properties 
can be generated at interfaces between highly insulat- 
ing oxides, the most widely studied case being the in- 
terface between the Ti02-terminated (001) surface of 
SrTi03 and LaA103 [1]. This electron system behaves 
as a two-dimensional (2D) electron liquid Q for which 
superconducting Q and magnetic ground states Q have 
been reported. At low temperatures, the interface can 
be tuned from a superconducting to a resistive state by 
applying transverse electric fields [Hj. At higher temper- 
atures, large electric gate fields drive the system through 
a metal-insulator transition (MIT) 0, • 

The LaA10 3 -SrTi0 3 2D system is disordered [8]; the 
disorder arising, for example, from dislocations crossing 
the interface, or from point defects. Consequently, as 
a 2D electron system (2DES), the interface is expected 
to be an insulator for T = 0, at least for negligible 
interaction strength among the electrons [9]. The ob- 
served metallic behavior may be interaction-driven or a 
crossover effect; sizable interactions have indeed to be 
anticipated due to the large interaction energy at small 
carrier densities [To|, Indeed, for the 2DES of semi- 
conductor interfaces [l2|, [l3| it has been argued 14] that 



the metallic phase is not a Fermi liquid because a fic- 
titious electron system with suppressed electronic corre- 
lations would form a localized phase ^ rather than a 
2D Fermi gas. The polar nature of the LaA103-SrTi03 
interface possibly results in additional defects and exci- 
tations. Excitations of localized electrons and charged 
defects, for example, can enhance dephasing and thereby 
reduce weak localization. 

The MIT at semiconductor interfaces is still being de- 
bated intensely [TH-E3- The discovery of a MIT at the 
interface of perovskite oxides, an entirely different host 
structure for a 2DES, may shed light on the nature of the 
MIT in two dimensions. In previous experiments [f| Q 
the MIT was deduced from the suppression of the con- 
ductance, but has not been investigated further. 

In field-effect studies of the perovskite interfaces, the 
gate fields were considered to change the properties of the 



electron system primarily by altering the carrier density 
n. It has recently been revealed, that by compressing the 
electron wave function toward the interface, the field also 
changes the effective disorder of the system and therefore 
its electronic mobility fi [211 ] . 

To advance these issues further, we have measured the 
current-density vs. electric-field characteristics (J(E)) of 
the interface electron system as a function of applied gate 
fields. These studies show that in the samples investi- 
gated the effects of the gate fields have a strong compo- 
nent that arises from a change of n. The data further- 
more reveal a power-law behavior of the conductivity a 
of the 2D electron liquid as function of n. 

For the measurements we have fabricated seven sam- 
ples with thicknesses of the LaAlOs layers of 4 and 8 
unit cells (uc) to investigate a possible dependence of 
the field effects on the LaAlOs thickness. The thick- 
ness of 4 uc was chosen to yield the critical thickness 
required for interface conduction Q. The samples were 
fabricated by epitaxially growing LaAlOs layers on the 
(001) surfaces of Ti02-terminated 22|, 23], 1 mm thick 
SrTiOs single crystals. Scanning force microscopy was 
used to verify that the substrate surfaces were atomically 
flat. The films with a nominal composition of LaAlOs 
were grown by pulsed laser deposition from a single crys- 
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FIG. 1: Sketch of the sample structure (top view) 
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talline LaAlOs target using standard deposition condi- 
tions (780 °C, 7 x 10" 5 mbar 2 ). By reflective high 
energy electron diffraction the thickness of the LaA103 
layers was controlled with a precision of ~ 0.1 — 0.2 uc. 
After growth, the films were annealed for an hour in 400 
mbar O2 to minimize oxygen vacancies. The devices were 
photolithographically patterned [24| into the structure 
shown in Fig. [TJ This structure was optimized for Hall 
measurements and for four-point measurements of the 
J( J E)-characteristics, using a small distance between the 
voltage contacts to minimize the inhomogeneity of the 
gate fields. Contact pads for the voltage and current 
leads were prepared by sputtering Ti into holes Ar-ion 
etched through the LaAlOs. The back gate was provided 
by silver diffused into the SrTiOs. 

For each gate voltage (Vq) the J(^)-characteristic in 
zero magnetic field, Hall voltages and the magnetocon- 
ductances at several gate voltages were measured. Gate 
leakage was always below 1 nA. Only negative gate volt- 
ages were applied, for these characteristics were found to 
be reversible with n. 

The J(^)-characteristics are shown in Fig. Efa). At 
small J and small \V G \ (Vq > -61.2 V, 4 K) the char- 
acteristics are linear for the whole range of J and for 
T < 50 K. At larger \V G \ (Vq < -61.2 V, 4 K), how- 
ever, the J(^)-characteristics are nonlinear, showing an 
enhanced differential resistance for small currents. For 
Vq < — 62.1 V (inset of Fig. Ufa)), the curves show a clear 
threshold behavior: below a characteristic threshold field 
E t hi the current density is extremely small (< 2 /xA/cm) 
and shows a weak hysteretic behavior, which is caused 
by the RC -time constant of the measurement. Because 
these current densities are minute, we cannot rule out 
that they are affected by finite gate currents. Above E^ 
the current grows nonlinearly. The width E t h diminishes 
with increasing n to approach zero at a critical density 
~ n c (Fig. [51(b)) defined below. 

The conductivity curves bear the characteristic shape 
shown in Fig. [3Ka) for the 4 uc thick samples in zero 
magnetic field. The 8 uc thick samples display a sim- 
ilar, but noisier behavior (shown in supplement). For 
n > 2 x 10 13 /cm 2 the conductivity at zero bias cfq de- 
creases approximately linearly with n. As long as the 
samples show linear [25] J(^)-characteristics, e.g. at 
Vq > —61.2 V (Fig. EJa)), their conductivities are at 
least of order e 2 /h. Conductivity values with cjq < e 2 /h 
that are plotted in Fig. [3fa) were obtained from non- 
linear characteristics and present the differential conduc- 
tivity at zero bias (cr ). For n < n c ~ 0.5 — 1.5 x 10 13 /cm 2 
(depending on sample and temperature), however, cjq col- 
lapses and the samples are effectively insulating (Fig. [2]), 
unless an in-plane electric field E > E t h is applied. The 
transition from the insulating to the linear regime occurs 
within ~ 0.02 n c and is reversible with n. The Hall mo- 
bility fi = cr/ne is small near the transition, equalling 
~ 30cm 2 /Vs and ~ 5cm 2 /Vs as calculated in the linear 
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FIG. 2: (a) J(i?)-characteristics of a measurement bridge in 
a LaA103-SrTi03 interface with a 4 uc thick LaAlOs layer 
(4 K, no applied magnetic field). The bridge was 60 /mi long 
and 10 /im wide. At Vb = —61.2 V, the J(^)-characteristic 
changes from linear to non-linear behavior with a much 
smaller conductivity. At Vb = —62.1 V, the differential con- 
ductivity at J - equals - 10~ 7 S. Below Vb = -62.1 V 
a hysteresis emerges near zero bias (inset) and conductivity 
sets in only above a threshold field Eth- Because in the in- 
sulating regime the voltage V along the bridge is no longer 
small compared to Vb, the respective J( J E)-characteristics are 
asymmetric, (b) Threshold electric field E t h plotted as func- 
tion of the reduced carrier density 5n = (n — n c )/n c . The 
inset shows the respective J(E) curves. 



regime for the 4 and 8 uc thick samples, while outside 
the transition \i reaches 1000 cm 2 /Vs. 

Overall, the temperature dependence of the conduc- 
tivity is surprisingly weak and can, to a large extent, be 
absorbed into a simple shift of the curves along the n- 
axis. For all samples of a given thickness we therefore 
find that the <r(n)-cfiaracteristics in the ohmic regime 
can be scaled onto a master curve (Fig. [3fb)). In this 
figure the conductivity cjq is plotted as a function of the 
reduced carrier density 5n = (n — n c ) /n c . The values of 
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FIG. 3: (a) Conductivities of 10 /mi and 25 /xm wide channels 
in 4 uc LaA103-SrTi03 interfaces measured as function of 
the carrier density varied by Vb (in zero magnetic field). For 
do < e 2 //i, the current- voltage characteristics are non-linear. 
Only data points derived from J(E) curves that are reversible 
for the whole bias range are plotted, (b) Conductivities of 
LaA103-SrTi03 interfaces plotted as function of the reduced 
carrier density. The scaling curve only includes data points 
in the ohmic regime. For 5n = 0, do becomes minute (inset). 



n c depend on temperature and are given in the supple- 
mentary materials section. For 0.05 < Sn < 1, in this 
range <Jo > e 2 //i, the master curve is characterized by 
a power-law behavior cr ex 5n q , with q ~ 1. Interest- 
ingly, the interfaces follow this characteristic curve for 
the whole temperature range for which the experiments 
could be performed (4.2 K < T < 50 K), although the 
dielectric constant of SrTiOs is temperature dependent. 
While the data of the 8 uc samples are characterized by 
considerably larger scatter, for 0.05 < Sn < 1 they ap- 
proach the curve of the 4 uc thick samples (shown in the 
supplement). 

In the vicinity of the MIT, within a 2% variation of the 
carrier density, the data scatter more and the zero-bias 
differential conductivity deviates from a power-law de- 



pendence, when (To < e 2 /h. Similarly, on the insulating 
side a decrease of n by just 1 or 2% causes substantial 
threshold fields (Fig.Eb). 

For an analysis of the behavior close to the MIT, it 
is suggestive to compare the 2DES of LaAlOa-SrT iOQ 
interfaces to the 2DES of semiconductor interfaces [12L 



m Ha Ha, for which many different scenarios have 
been discussed, see, e.g., [14l-ll9|. In these semicon- 
ductor systems, the transition is controlled by two pa- 
rameters, temperature and density, whose interplay can 
be described by a single-parameter scaling function, 
a(6n,T) = f(Sn/T 1 ^ vz ), where v is the correlation length 
exponent, and z the dynamical critical exponent. These 
exponents are usually of the order of one. In contrast, 
the conductivity of the LaA103-SrTi03 interfaces is pri- 
marily controlled by Sn; the temperature has very lit- 
tle influence and accordingly such a scaling relation is 
not found. In this respect, the MIT is not comparable 
to that of the semiconductor interfaces. Moreover, the 
J(£?)-characteristics for n < n c display a threshold be- 
havior with a subsequent J(E) cx (E — E^) 2 dependence 
which has not been observed for the semiconductor in- 
terfaces. 

Several candidates of possible insulating states exist. 
The first candidate is an Anderson insulator, in which 
single electrons are localized by disorder. The second 
candidate arises, if Coulomb interactions are strong; the 
electrons then form a Wigner crystal which is pinned by 
disorder. The third candidate is a polaronic insulator; 
strong electron-phonon interaction can lead to a self- 
trapping and localization. One of our surprising results 
is the absence of significant temperature dependencies of 
the J( J E)-characteristics in combination with strong non- 
linear effects from moderate electric fields. In a typical 
electric field of lOV/cm, an electron has, for example, 
to travel about 1 /xm, more than 100 times the typical 
distance of electrons at n c , to gain an energy of ksT (for 
T — 10 K). The effective absence of thermal effects there- 
fore implies that either barriers prohibiting transport are 
macroscopic in size or that the motion of electrons is 
controlled by a collective effect in which many electrons 
participate as is, e.g., the case in a Wigner crystal. In- 
deed, the characteristic dependence of the conductivity 
on the electric field is known from the depinning of two- 
dimensional vortex lattices in superconducting films [26| . 
Also simple estimates [ll[ suggest that Coulomb inter- 
actions can be sufficiently strong to induce Wigner crys- 
tallization, especially if one takes into account that pola- 
ronic effects may enhance the tendency to crystallization. 

A possible scenario is therefore that at the MIT an 
insulating phase, such as a pinned Wigner crystal, per- 
colates through the system. Remarkably, the MIT has 
been related to apercolation transition also in semicon- 
ductor systems 0, [lo[ . The critical conductance expo- 
nent of a percolation transition in 2D is 1.3, in confor- 
mity with our findings. For the low electronic densities in 
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FIG. 4: Magnetoconductance of the 25 /xm sample shown in 
Fig. a) measured at 4.2 K. Due to the large Hall voltage 
in the depleted state, the conductance is symmetrized using 
(cr(H) + a(—H))/2. From high to low carrier density, the 
corresponding reduced carrier densities, 8n, are 2.96, 0.23, 
and 0.03, respectively. 



the semiconductor systems, the transition is possibly in- 
duced through scattering by unscreened impurity charges 
0. For the LaA10 3 -SrTi0 3 2D system the charge den- 
sity of order 10 13 /cm 2 is so high that it may preclude 
the observation of a percolation transition driven by un- 
screened impurity charges. An alternative possibility is a 
transition where a Wigner crystal or another phase, e.g., 
a_glassy state induced by strong Coulomb interactions 
[17[, melts. It is also noted that for oxide materials n c 
is a small carrier density. The carrier injection induced 
by a electric field E > E t h causes a non-equilibrium state 
with a carrier density that is locally enhanced. We there- 
fore regard it as a possibility that the MIT is influenced 
or even triggered by macroscopic inhomogeneities in the 
sample and the enhanced carrier density at the contacts. 
This could also affects the J(£?)-dependencies, causing 
non-linearities. 

To illustrate the characteristics of the LaA103-SrTi03 
interface above the MIT, typical magnetoconductance 
curves are shown in Fig. [U At high carrier density, 
the Aa/a-characteristics exhibit a — H 2 dependence (red 
curve) , resembling the typical behavior of metals in small 
magnetic fields. As revealed in previous studies [H, I27I - 
129^ the magnetoconductance of the depleted LaAlOs- 
SrTiOa interface shows a negative derivative in low fields 
and a positive in high fields (green curve). This behavior 
has been interpreted as the result of spin-orbit interac- 
tion and weak localization [29|. Near the MIT, in con- 
trast, the magnetoconductance is always positive and has 
a negative second derivative in high fields (blue curve). 

In summary, the transport properties of LaAlOs- 
SrTi03 interfaces were measured as a function of the 
mobile carrier density altered by gate fields. It is found 
that below a critical carrier density n c ~ 1 x 10 13 /cm 2 



the interfaces become insulating for small in-plane elec- 
tric field. For samples with 4 uc thick LaA103 layers, 
this transition occurs at a conductivity of order e 2 /h. 
For a wide range of temperatures, the dependencies of 
the conductivity on the reduced carrier density follow a 
<Jo oc (n — n c )/n c characteristic. 

While it remains to be explored, which of the proposed 
microscopic mechanisms, such as disorder potentials or 
polaronic enhancement of Wigner localization, determine 
the nature of the MIT, it is evident that the MIT in 
LaA103-SrTi03 interfaces differs qualitatively from the 
one in two-dimensional semiconductor systems. 
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